Although his father came from a Lutheran tradition, young George Joseph Popják was brought up in the Catholic faith, in accordance with the affidavit signed by his father to marry his Roman Catholic mother. At the time of World War I the Popjáks lived in a village, Vajsika (in the province of what is now called Vojvodina), which according to the Treaty of Trianon signed in Versailles was hived off to become a part of Yugoslavia. By the dictates of the treaty, the Popjáks, who had hitherto regarded themselves as Hungarian, were denied this right of citizenship and young Popják was forced to move into a Serbian school and receive education in an unfamiliar language, which he managed to master relatively easily with the help of his mother. His father, taking his new Serbian identity to its logical conclusion, moved deeper into Yugoslavia, initially working as a road-building engineer in Pristina (in Kosovo), then to Kragujevac before taking up a more permanent residence deep in Macedonia in the town of Kavadar, which had a large Turkish population. In Kavadar the family lived opposite a mosque and heard daily the muezzin in the minaret calling the faithful to their prayers. Popják's lasting memory of the time was Ramadan, the Muslim month of fasting, when after the sun set the usually tranquil nights changed to busy affairs and the Turkish families organized visiting parties throughout the night. Popják describes his father as a dreamer who had set his sights too high for the future of his son. Therefore, not surprisingly, after Popják completed his elementary schooling, his father, not content with the standard of education in Kavadar, despatched him off a long way up north to a gymnasium in Novi Sad that had a high reputation. The opportunity, if not the necessity, for extensive travels, often on his own, and exposure to diverse cultural traditions had transformed Popják into a grown-up Balkan man when he was barely eleven years of age. In 1924, after spending a happy Christmas with his parents in Kavadar, his peace and tranquillity were shaken when with his mother he was sent back to Szeged in Hungary under the pretext of getting a better education. In fact, this was a carefully arranged permanent separation of his parents.
In Szeged they remained the guests of his mother's uncle, who was the Papal Prelate of the main Roman Catholic church there. It was through the good offices of the uncle that Popják and his mother regained Hungarian citizenship, and as a result his mother got re-established as an elementary-school teacher. Not surprisingly, because he was brought up by a single mother, Popják's adolescent years were financially difficult but he lived in culturally and educationally rich surroundings. After the completion of his school education, Popják had planned to study physics at the Technical University in Budapest but was dissuaded from taking this course by the pressure put on him by his mother and his valued uncle. Instead he opted to study medicine at the local Medical School of the Royal Hungarian Francis Joseph University.
An abiding memory of Popják of his Medical School years is a trip to Western Europe taken in the summer holidays of 1934 with a fellow student Denis Adler. They travelled through Austria, Germany, Switzerland, France and Italy, mostly on bicycles, and experienced the warm and generous hospitality of ordinary folks as the dark clouds of the imminent war were gathering.
Back in the third year of the Medical School he came under the influence of Professor Jozsef Baló, a great experimental scientist, and learnt the ABC of research in biological sciences. He completed his formal medical studies in 1938, and in view of the fact that he had passed all his medical examinations with distinction and had obtained top grades in the eight gymnasium years as well as in the Matura examination, Popják was eligible for a unique award and received the MD degree Sub Auspiciis Gubernatoris from a representative of the Head of State at a special ceremony. When the question of his future career prospects arose, again persuaded by his family that pathology offered little earthly goods, he chose to follow a potentially more lucrative career in surgery. This was a disappointment to his mentor, Professor Baló, who advised him that if he was giving up pathology he might well choose the more glamorous branch of surgery, neurosurgery, which at the time was practised in Hungary only at the University of Budapest. As it turned out, in Budapest he only occasionally assisted in brain operations and most of the work involved routine surgery, which he was beginning to find rather boring. Then came the unexpected and pleasing news that he had been awarded a British Council Postdoctoral Scholarship to work in London, a position for which he had applied a year earlier but had given up hope owing to the outbreak of war in September 1939.
B C S: P M S, L, 1939-41
He arrived in London on Sunday, 10 December 1939, and after the completion of necessary formalities reported at the Postgraduate Medical School, London. There Popják's interest in lipids, which consumed him during a long scientific career spanning nearly sixty years, was triggered by Henry Dible, Professor of Pathology. The main focus of Dible's research in the 1940s was to study the histological changes in kidney and heart that occur when animals are subjected to various physiological regimes, in particular starvation, and to correlate these with the fatty composition of the organ. The investigations were spurred by the 'phanerosis doctrine', originally proposed by Rosenfeld in 1903, which envisaged that the fatty degeneration of the heart, liver and kidney in humans was the result of 'unmasking' (phanerosis) of fat that already existed in the organ. According to the theory of phanerosis, fatty degeneration resulted from the dissociation of protein-lipid complexes, as a result of which lipids become stainable by reagents used in histology. Because conclusive evidence from human material had not yet been obtained, the newly arrived British Council scholar, George Popják, was assigned the task of examining the theory, with rabbit as an experimental model. During a relatively brief period of eighteen months Popják learned the methods of fat fractionation and analysis and, through careful experimentation, disposed of the fat 'phanerosis' hypothesis. It was clearly shown that in fatty degeneration the triglycerides that accumulated in the organs had a composition characteristic of adipose tissue fat and hence were of external origin (1)*.
D  P, S T' H M S, 1941-47
Within two years of his arrival in England, Popják had met and married Hasel, who was then Professor Dible's secretary in the Pathology Department of Hammersmith Hospital. Hasel was also a relative newcomer to the UK, having returned from Toronto in 1938, whence she had been taken from England when only a few months old. The expectation was that on the termination of the scholarship the young couple would settle in Hungary, and for this purpose Hasel had already acquired a Hungarian passport. However, after repeated failure to get the transit visas through other European countries, the British Council suggested that Popják should try to get a job in England.
With his solid research contribution this turned out not to be a major problem and in 1941 Popják was appointed at St Thomas' Hospital Medical School in London as a demonstrator in pathology. There he was introduced to Sir Joseph Barcroft, F.R.S., the eminent physiologist, who after retiring from the Chair of Physiology at Cambridge had set out on a new career investigating foetal physiology. According to Popják (20):
When he learned that I was interested in lipids, he fired two questions at me. What is the origin of foetal lipids? Are they made in the foetus or does the foetus depend on maternal supply of preformed substances? There was no answer to these questions in the early 1940s.
The challenge posed by Sir Joseph, and his own previous work on fat 'phanerosis', had sown the seed in Popják's mind of the need to differentiate experimentally between three possibilities: (i) the reorganization of fat within a tissue, (ii) fat infiltration from other parts of the body, and (iii) the biosynthesis of fat de novo in the tissue. In the search for a solution to the puzzle began the metamorphosis of Popják from a medical pathologist to a chemical enzymologist of the highest quality. In the process he was to enter areas of chemistry and physical biochemistry found daunting even by those who were brought up in these disciplines.
The origin of foetal lipids and the early use of radioisotopes There was, however, a relatively long gestation period and the isotopic methods that were to become the hallmark of Popják's research were not attempted for another five years. In the mean time he continued careful metabolic studies with conventional analytical techniques. These studies showed that animals fed on a watery suspension of cholesterol not only had increased levels of cholesterol in the plasma but also showed rises in plasma triglycerides. The conclusion drawn from the work that 'the level of free cholesterol in the blood plasma regulates fat metabolism by determining the rate of mobilization of fatty acids from depots and the rate of phospholipid synthesis' was one of the first proposals, based on uncontentious experiments, that highlighted the link between the two classes of lipid, cholesterol and triglycerides (2).
The question regarding the origin of foetal lipids had simmered in Popják's mind for some years until his attention was drawn to the seminal work of R. Schoenheimer. Popják remembered (20):
Although in those days I did not read regularly the Journal of Biological Chemistry I came across, fortunately, Schoenheimer's monograph, 'The Dynamic State Of Body Constituents', and I realized that Barcroft's questions could be answered with the help of isotopes. Schoenheimer's monograph directed me back to the original papers in the Journal of Biological Chemistry and although I was still working in a department of pathology I started to make my plans for the first experiments with heavy water and 32 P. My chief, Professor George Barnard, was a most enlightened man and allowed me complete freedom in research; besides, St. Thomas's Hospital was at that time a rich establishment endowed by private donors, and I did not need to write research grant applications.
The use of isotopes, a complex technique still in its infancy, would have been a formidable task to undertake even in the instrumentationally most well-equipped British laboratory of the time. To embark on such a venture in a department of pathology was a risky undertaking.
Not only was there no assurance that the isotopes would be allowed out of the USA, the construction of counting equipment, which needed to be assembled from individual parts, posed Herculean problems. A positive side to these difficulties was that, in the process of overcoming them, Popják acquired, the hard way, the art of handling and using radioactive isotopes as well as learning the mysteries of Geiger counters, scalers, power packs and preamplifiers from physicists returning home from the assignment to the Manhattan Project. The learning process was steep and already at an advanced stage in 1946, permitting the measurement of 32 P. This was accomplished in the period between Popják's moving from St Thomas' Hospital to the National Institute for Medical Research.
Improvement to the counting instrument continued during 1947. 'Heath Robinson' contraptions using chocolate boxes, collections of high-voltage batteries for the construction of power packs, and the generosity of a friend (Dennis Taylor) from the Telecommunications Research Establishment at Malvern, all contributed to the construction of a counter, for the analysis of 14 C, that worked 'faultlessly' for several years. Popják's enthusiasm and skill, and the administrative involvement of the MRC, which fostered the creation of the Radiochemical Centre, Amersham, for the synthesis of radioisotopic compounds, were collectively responsible for a speedy introduction of isotopic techniques for biomedical research in the UK. Popják reminisced (19):
Although we were late starters with isotopes in Britain, we were fast catching up with American colleagues, so that when the Ciba Foundation organized a conference in March 1951 on the uses of 'Isotopes in Biochemistry', no less than 7 out of the 22 main speakers were British. Similarly, when the Medical Department of the British Council published in 1952 a special number of the British Medical Bulletin, we could prove to the world that British scientists had made very substantial advances with isotopes not only in basic biochemical and clinical research, but even in therapy, in a little less than six years. Those are very happy days to remember.
The satisfying outcome owed much to the enterprise of Popják, and what, at the beginning, might have seemed an act of sheer madness had been an outstanding success. He undoubtedly must be credited with transplanting the tradition (started by Schoenheimer at Columbia University in the late 1930s) of the use of isotopes in biological research in the UK.
The successful mastery of the radioactive techniques was not an end in itself but marked the beginning of a new and exciting phase of research. Already in 1946 Popják had fed 32 Plabelled inorganic phosphate to pregnant rabbits and shown the labelling of foetal phospholipids. He understood biochemical metabolic pathways well and from the experiments drew only the cautious conclusion that the phosphoryl group of phospholipids is introduced in the foetus (3). Not long afterwards, during 1948, now as a member of the scientific staff of the National Institute for Medical Research in London and responsible for the management of radioactive isotopes, Popják was given for standardization the first sample of [1-14 C]acetate manufactured by the Amersham Radiochemical Centre. Because he needed very little for the purpose, rather than disposing of the remains he injected this sample, which had a relatively low specific radioactivity, into a twenty-eight-day pregnant rabbit. According to Popják, that was the first experiment conducted in Britain with radioactivity and gave gratifyingly good results. The results unambiguously established an efficient biosynthesis de novo, from acetate, of cholesterol, triglycerides and phospholipids by the rabbit foetus (5) . During the same period the conclusion was bolstered with a doublelabelling approach involving deuterium oxide and [1-14 C]acetate (reviewed in (20)). Even a most skilful scientist of today-whether physical or biological-will shudder at the thought of having to perform the deuterium analysis by the 'falling drop' method with a home-made contraption. That is precisely what Popják, a pathologist by training, did. By 1950 he was able to answer Barcroft's question: most of the foetal lipids, phospholipids, triglycerides and cholesterol were made in the foetus rather than transported from the mother.
It should be stressed that all the conclusions above were not merely drawn from the measurement of the bulk radioactivity ( 32 P or 14 C) in the precursor and the products; close attention was given to other factors. These were the knowledge of the pool sizes of the precursor and the products, and the decay and rise of radioactivity in these pools from which an accurate specific radioactivity for each compound was calculated and compared. These pioneering studies set the 'gold standard' by which future metabolic work with isotopes was to be judged.
The chirality of 14 C-labelled glycerol The experiments on the pregnant rabbit, in addition to having shed light on an important aspect of foetal physiology, also showed that the mammary gland was a very active tissue for the synthesis of cholesterol and triglycerides. The finding was subsequently extended to other animals, notably goat, the experiment on which showed that the fatty acid moiety of its milk triglycerides was synthesized largely in the udder rather than derived from plasma lipids, which was the dominant view at the time (6) . The advantage of working with a large mammal, a goat, was that sufficient material could be obtained from its milk for further processing. Consequently, another noteworthy feature of these earlier isotopic experiments became the painstaking analysis of the fatty acid chains, pinpointing the position of the radiolabelled carbon by using state-of-the-art methods of chemical degradation. A bonus from the thorough analysis was the discovery that [1-14 C]acetate labelled not only the fatty acids of triglyceride but also its glycerol moiety, which contained the 14 C-label in the chemically equivalent positions 1 and 3 (7). From the chemical degradation it was not possible to tell whether the label was confined to position 1 or 3, or whether both positions were equally labelled. In the modern jargon glycerol is a pro-chiral molecule and the question was whether the preceding sample of glycerol was stereospecifically labelled with 14 C. The memory of the Ogston hypothesis, which a few years previously had provided the rationale for the differentiation of the two structurally identical -CH2COOH substituents of citric acid during its handling by the Krebs cycle, was still fresh in Popják's mind. He argued that glycerol had the same symmetry properties as citrate and its two hydroxymethyl groups might also be differentiated during metabolism. A collaborative work with Harland G. Wood led to the demonstration that [ 14 C]glycerol derived from milk triglycerides of goat injected with [1-14 C]acetate, when fed to rats resulted in the specific labelling of C-3 and C-4 of glucose. On the basis of these findings it was correctly argued that the labelling pattern could arise only if the glycerol were labelled asymmetrically at only one of the two hydroxymethyl groups. The position that contained 14 C was designated C-1 and the other C-3 (figure 1). Furthermore, it was suggested that glycerol, after stereospecific phosphorylation at the latter position (C-3, now known to be pro-R) entered the gluconeogenesis pathway to provide the observed labelling profile (9). Not only were these conclusions borne out by subsequent discoveries, the currently used numbering system for glycerol is based on Popják's original proposal. Another significance of this work is that it introduced Popják to the concept of pro-chirality and demonstrated the enabling power of the concept for deciphering the subtle details of biological reactions. We shall see later that during the course of his collaborative work on cholesterol the use of pro-chirality was raised to new intellectual heights. Biosynthesis of fatty acids Because the mammary gland of lactating animals proved to be an organ par excellence for fat biosynthesis, Popják pinned his faith on this system to provide a cell-free system for the intimate study of fatty acid biogenesis. By 1953 he had unambiguously demonstrated that all the enzymes required for the biosynthesis of fatty acids of chain lengths of four to sixteen carbon atoms are present in the soluble 100 000 g supernatant of mammary gland homogenate. For optimal fatty acid synthesis in the system, no membrane component, mitochondria or microsomes, was required (8). The dogma that fatty acid biosynthesis occurs merely through the reversal of the degradation (β-oxidation) pathway in the mitochondria, which to Popják 'hung on a very thin thread of faith', was shattered by these findings. The experiments with the 100 000 g supernatant system for fatty acid biosynthesis gave many other cryptic signals, some of which were correctly deciphered. For example, the requirement for ATP and reduced pyridine nucleotide for fatty acid biosynthesis and the notion that the chain elongation process occurs through the sequential addition of 'acetate' units was imaginatively deduced from the coenzyme requirement for the biosynthesis and from the degradation of the resulting acids. One feature of these experiments that remained a puzzle was the requirement of air for the biosynthesis, which could not be replaced by pure O 2 . Air must therefore contain a constituent of vital importance for the process. The credit for clarifying this facet goes to three groups led by F. Lynen, S.J. Wakil and R.O. Brady, who, approaching the problem from the direction of enzymology, discovered the carboxylation of acetyl-CoA to malonyl-CoA and showed the participation of the latter in fatty acid biosynthesis (for references to these discoveries see (20)). The elusive factor in air, CO 2 , and its role now became crystal clear. In view of the greater success of other groups in the study of fatty acid biosynthesis, Popják gradually wound down his research in this area to concentrate on the more challenging problem of cholesterol biosynthesis.
Abandoning work on triglycerides and fatty acids was not a difficult decision, as Popják reflected (20): I was too deeply involved in experiments on the intermediary reactions of squalene and cholesterol biosynthesis. In any event, my experiments on fatty acid biosynthesis arose from the incidental observations made on pregnant rabbits, but to study cholesterol biosynthesis was my deliberate choice. I made this choice in the belief, perhaps naïvely, that elucidation of the reactions of cholesterol biosynthesis might one day be usefully exploited for the prevention of hypercholesterolemias and hence of atherosclerosis.
T P-C , 1948-68
The seeds of a collaboration between Popják and J.W. (later Sir John) Cornforth (F.R.S. 1953) were sown at the National Institute for Medical Research, Mill Hill, London, in about 1948 with the publication of a joint paper on the analysis of ethanol (4), and the collaborative work continued in the same laboratory until 1953. There was then a career change for Popják. The higher echelon of the Medical Research Council (MRC), putting its faith in Popják's ability to solve some administrative problems that had arisen at its Experimental Radiopathology Research Unit at Hammersmith Hospital, London, appointed him its director. He lived up to the MRC's expectation and gave sound leadership to the Unit, although he had no direct interest in its research activities. During this period his work with Cornforth continued unabated. Then, after the intervention of Sir Robert Robinson, F.R.S., one of the great chemists of the twentieth century, Shell created a special laboratory to foster work at the interface of chemistry and biology, and appointed Cornforth and Popják as its joint directors. The closeness of the two men led their colleagues to call the laboratory 'popcorn'. Not surprisingly, the rising scientific reputation of Popják made him an attractive catch and he was offered several senior positions, but he chose Los Angeles for the opportunity to do research in an academic institution.
Returning to the scientific background of the collaboration, the feeding experiments with [1- 14 A further important contribution to the field was made by the discovery of an efficient incorporation of 14 C label from acetate into squalene. Atom-by-atom degradation of the latter then pinpointed the positions of the methyl-and carboxy-derived C atoms in squalene (10) . A direct comparison between squalene and cholesterol could now be made and the distribution pattern of the 14 C in these compounds was in agreement with the requirements of the Woodward-Bloch cyclization hypothesis. It could be argued that the latter hypothesis appeared so convincing that, with the passage of time, it would have been accepted as proved, even if no further experimental evidence in its support had been provided. The dividing line between experimentally proved and postulated theories can often be a fine one, especially when influential scientific personalities, of the quality of Bloch and Woodward, are involved. However, for those subscribing to the Baconian view of science, in which experimental evidence is king, it was the Cornforth-Popják work that gave the theory its scientific underpinning by relating the positions of the acetate-derived atoms in squalene with those in cholesterol (figure 2).
Regarding the conversion of the thirty-carbon (C 30 ) squalene into the twenty-seven carbon (C 27 ) cholesterol, more was still to come. In the latter conversion three of the carbon atoms of squalene are lost, which suggested that the conversion must occur through the participation of intermediate(s). The seminal discovery in the early 1950s of a C 30 compound, lanosterol, by Oskar Jeger's group at Eidgenössische Technische Hochschule Zurich, provided the missing link, which turned out to be the first sterol formed from the cyclization of the squalene skeleton. However, a critical comparison of the structure of these two compounds reveals an interesting repositioning of the methyl groups (shown by single and double stars in the structures of figure 2), which was rationalized by two successive 1,2-methyl migrations (Eschenmoser et al. 1955 ), although a direct 1,3-migration remained a theoretical possibility. Using an approach that is regarded as a classic in tracer biology, the Cornforth-Popják group (13) showed that the 13β-methyl group of cholesterol (denoted by a single star in figure 2 ) was labelled in a manner indicating that it must have arrived there by a process involving an intramolecular 1,2-shift. Simultaneously, a similar conclusion was drawn by Maudgal et al. (1958) .
Experiments with variously labelled species of mevalonic acid The discovery by a group at Merck of a C 6 compound, mevalonic acid, that was shown to be an efficient precursor of cholesterol opened up a new chapter in the study of cholesterol and other isoprenoid natural products. Mevalonic acid was the much awaited precursor of the 'isoprene' unit that was historically regarded as the hypothetical building block of rubber, and also implicated in the biosynthesis of all classes of terpenoids. Among those studying biosynthesis, there was already preparedness to exploit such a discovery, so not surprisingly several laboratories set out to perform experiments on overlapping lines. The already formidable combination of Cornforth and Popják was joined by Cornforth's wife, Dr Rita Cornforth, to take part in the synthesis of a range of mevalonic acid species labelled with various isotopes at strategic positions. It was the availability of these uniquely labelled samples of mevalonic acid that gave the Cornforth-Popják group a further major advantage over its competitors. Soon it was shown that squalene was produced from six molecules of mevalonic acid, each contributing a block of five C atoms, a process in which C-5 of one mevalonic acid unit was joined to C-2 of another (11, 12) . The mechanism of the C-C bond formation in the latter process continues to be explored, at increasingly higher levels of sophistication, to this day. However, the important original finding in this long pursuit was the discovery, in Bloch's laboratory, of the intermediary formation from mevalonic acid of isopentenyl pyrophosphate, which was then confirmed by the group of Lynen (the work from these laboratories is reviewed in (14)). Within a relatively short period, the main features of the pathway between acetic acid and mevalonic acid and then from the latter to isopentenyl pyrophosphate had been clarified. In the successful resolution of these issues and the characterization of the key intermediates, the role of the tracer techniques had been greatly augmented by the use of purified enzymes. This marked a departure from the past, when in most biosynthetic work slices or homogenates of tissues were used. Here, by and large, the groups of Lynen and Bloch had purified the enzymes from yeast and reported their findings ahead of Popják, who had favoured the mammalian liver for enzyme purification (reviewed in (14)). Notwithstanding the question of priority, the close similarity of the pathway in these two remotely related species provided the justification to merge individual pieces of information from each system to produce a complete picture. The hope was that the knowledge could be applied to the problems of human health and disease, as turned out to be true. However, there was a long gap, and the clinical control to decrease cholesterol biosynthesis, a prime motive behind Popják's original fascination with the field, was achieved nearly a quarter of a century after the target for a potential drug had been recognized. Figure 3 . The incorporation of mevalonic acid into isopentenyl pyrophosphate, two molecules of which condense with dimethylallyl pyrophosphate to produce farnesyl pyrophosphate. Two molecules of the latter are converted into squalene, which was later shown to occur via presqualene (see the next section), with the loss of a hydrogen (shown above as black D) from C-1 (red asterisk) of one of the farnesyl units and its replacement by a hydrogen from NADPH. For illustrative convenience, a dideutero precursor is selected here instead of the hexadeutero species used in the original discovery. The use of the dideutero precursor was a later development.
The conversion of farnesyl pyrophosphate into squalene In the race to the identification of advanced intermediates beyond isopentenyl pyrophosphate, Lynen and then Popják isolated the fifteen-carbon farnesyl pyrophosphate from yeast and rat respectively, and showed it to be the precursor of squalene (reviewed in (14) ). The finding brought into sharper focus the issue of how the head-to-head condensation between two C 15 farnesyl moieties might occur to produce the thirty-carbon skeleton of squalene. The main intellectual hurdle here was to find a way of forming a covalent bond between carbon atoms that happen to possess identical electronic polarities. At the time the mechanism was a topic of much speculation and one of the possibilities being considered involved a change in the oxidation level of the C atoms (starred positions in farnesyl pyrophosphate (figure 3)) taking part in the condensation. The possibility was examined by using mevalonic acid labelled with deuterium at C-5, [5-2 H 2 ]mevalonic acid, and the biosynthetic farnesyl phosphate was shown to contain, as expected, six deuterium atoms; however, the squalene isolated from the same incubation gave results that, although not clear-cut, left the possibility open that the species might not contain all twelve of the deuterium atoms expected from the two farnesyl units. The issue was resolved by a brilliantly conceived and experimentally executed chemical degradation in which the central four atoms of squalene containing the two -CH 2 groups of interest were isolated as succinic acid. This was shown to be trideuterosuccinic acid, so the parent sample of squalene must have contained eleven deuterium atoms and must have been formed by a process in which the two farnesyl units were treated in an asymmetric fashion ( figure 3) (15) . In his address (20), as winner of the 1977 award in lipid biochemistry, Popják reminisced on the succession of incidents that led to two landmark discoveries in the history of enzyme stereochemistry:
In experiments involving the conversion of farnesyl pyrophosphate labelled equally with tritium in both the C-1 enantiotopic positions into squalene the loss of hydrogen occurred without perceptible isotope effect which led us to infer that the removal must have been stereospecific. The problem now was how to prove our conjecture of the stereospecificity of squalene biosynthesis. One day late in 1961 it came to me, almost as a revelation, that if our surmise about the stereospecificity of the hydrogen exchange in farnesyl pyrophosphate during squalene synthesis was right, then either the Although Cornforth could not recall the precise episode he does remember the following:
What I did gather, around that time, was that George would be keen to use his indispensable biochemical skills to attack stereochemical problems; so I began to think how one could measure optical activity of this kind and on this scale and then how similar asymmetry might be introduced and traced in biological molecules, to illuminate enzymic reactions. … It was lucky that succinic acid was the initial problem: as my thinking unfolded, I saw how this problem could be solved. [Italics, author's rewording.]
There then followed a series of brilliant ventures (reviewed in (16) ). An authentic sample of the succinic acid stereospecifically labelled with deuterium in the R-orientation was prepared by chemoenzymic synthesis and shown to have a delightful optical rotatory dispersion profile, against which the spectra of deuterated succinic acids of unknown chirality could be compared. The results from these experiments, together with subsequent studies with stereospecifically labelled samples of farnesyl pyrophosphate (the structure of this compound is shown in figure 3 , in which black D = H) clarified the overall stereochemistry at the two central C atoms of interest in squalene, showing that the overall process involved an inversion at the C-1 position of one of the farnesyl units (green asterisk) and retention at the other (red asterisk).
The next problem was the delineation of the origin of the hydrogen that replaces the deuterium lost in the biosynthesis. The direct transfer of one of the C-4 hydrogen atoms of pyridine nucleotides to carbonyl substrates with the use of purified enzymes had already been established by B. Vennesland, F.H. Westheimer (For.Mem.R.S. 1983) and their colleagues (Fisher et al. 1953 ). These studies had also shown that the C-4 hydrogens of NAD(P)H are stable and do not exchange with the protons of water. This lack of exchange had been accepted uncritically in the literature, causing several erroneous conclusions to be drawn.
During the search for the source of the 'acquired' hydrogen atom in the conversion of farnesyl pyrophosphate into squalene, the observation was made that biological systems, particularly the rat liver preparation used in the study of sterol biosynthesis, contain a powerful enzymic activity (presumably a flavoprotein) that catalyses an exchange of the following type: NADPH* + H 2 O → NADPH + H*HO.
The recognition of this activity, and the further demonstration that the enzyme involved in the process is present in the soluble fraction of rat liver homogenate, permitted the design of a protocol that showed beyond doubt that the hydrogen atom acquired during squalene biosynthesis was derived from NADPH (reviewed in (16)).
In our studies on the enzymic reduction of olefinic double bonds we had taken heed of the warning about the exchange reaction (Wilton et al. 1968). It was only after eliminating the unwanted activity that we were able to obtain clear-cut results that permitted the proposal of a general mechanism for the reduction of olefinic bonds (Watkinson et al. 1971) .
A by-product of the studies on squalene biosynthesis was the determination of the absolute stereochemistry of the two diastereotopic hydrogen atoms at C-4 of the pyridine ring of NAD(P)H. Traditionally these hydrogen atoms in the reduced coenzyme have been known as ' A' and 'B', and the enzymes involved in their transfer as ' A'-and 'B'-specific enzymes. Deuterosuccinic acids isolated from the degradation of [4-2 H]NADH, obtained from the oxidation of deuterated substrates by ' A'-or 'B'-specific enzymes showed that the ' A' and 'B' hydrogens occupied pro-R and pro-S positions respectively (reviewed in (16)). Because of the widespread nature of dehydrogenases, the stereochemical assignment in the coenzyme field has found wider applications than the more difficult work on squalene, which is of interest to those with specialist knowledge of the mechanism and stereochemistry of enzymic reactions.
The happy days of the collaboration The decade between 1956 and 1966 was the golden period in the Cornforth-Popják collaboration. The work performed during these years was a symbiosis of chemistry and enzymology, at the cutting edge of these subjects. The intertwining contributions of two master practitioners had provided much intellectual stimulation to the connoisseurs of bioorganic chemistry: The Royal Society Discussion Meeting on 'Detailed stereochemistry of squalene biosynthesis', held on 30 April 1964, was a fitting occasion for the display of these intellectual feats to the wider scientific community. The account of the meeting published in Proceedings of the Royal Society B 163 (1966) contains classic papers by these two scientists and also shows the impact of their discoveries on the work of others studying problems in the general area of steroid and terpenoid biosynthesis. Soon afterwards, Cornforth and Popják were jointly honoured by the award of the first Ciba Medal of the Biochemical Society. To symbolize the truly collaborative nature of their work, the lecture was delivered as a 'duet', the first half by Popják and the second by Cornforth, and was subsequently published in the Biochemical Journal. The joint paper (16) has been the source of inspiration, education and challenge for many.
The closing years of the collaboration Science, like the arts, is a creative activity, undertaken by individuals in pursuit of their own specific fascination. Not surprisingly, long-term collaboration between outstanding scientists is rare; in the USA two legendary examples of collaborating pairs are Stein and Moore, and Brown and Goldstein. As far as I am aware, Cornforth and Popják are the only two scientists in the UK of that quality who uninterruptedly collaborated over a long period to solve a series of important problems in a field. The partnership broke in 1968, after a twenty-year collaboration, when Popják moved to the University of California, Los Angeles (UCLA), to take up an appointment as the Professor of Biological Chemistry and Psychiatry.
In 1975 the Nobel Prize for Chemistry was awarded jointly to Cornforth for his work on the stereochemistry of enzyme-catalysed reactions and to V. Prelog, For.Mem.R.S., for his work on the stereochemistry of organic molecules and reactions. Since the prize was for chemistry, the biological component of the brilliant collaborative venture remained unrecognized, which must have been a disappointment to Popják, and indeed to many of his admirers. The following tribute by the Nobel Prize-winning chemist Donald J. Cram, a colleague of Popják's, will strike a sympathetic cord in many:
I have admired George for many years, both as a scientist and gentleman, and in the last few decades, as a colleague. We were close enough in age (I am almost 80) for me to identify with him, and to appreciate how wonderfully he responded to the challenges of our profession. He adapted and contributed to several cultures during his lifetime, and helped UCLA attain the international esteem it now enjoys, particularly in the field of biological chemistry. He carried out Nobel Prize-caliber research, and in the judgement of those acquainted with the field, should have received that recognition. His love of science over the many years of his career inspires both those of his and future generations to reach above themselves in their exploration of the unknown.
Although the award of a Nobel Prize is the pinnacle of achievement for a scientist, it needs to be understood that as many outstanding scientists-if not several times more-remain outside the Nobel fraternity as are found within it. The Nobel Foundation, one hopes, claims no monopoly right on making sound scientific judgement.
U  C, L A
The presqualene saga At UCLA Popják extended the mechanistic work on squalene biosynthesis and also initiated several converging research lines to obtain a greater understanding of factors that regulate cholesterol biosynthesis. The earlier work of Cornforth and Popják had brought to prominence several interesting features of squalene biosynthesis and defined the constraints within which the mechanism of the process should be considered, but there was still much scope for speculation. The next breakthrough was provided by the seminal finding of Rilling (1966) , who showed that farnesyl pyrophosphate, when incubated with yeast microsomes but in the absence of NADPH, led to the accumulation of a new compound, presqualene, which was converted into squalene in the presence of NADPH. The original structure proposed by Rilling turned out not to be correct. Here, then, was a challenge which in view of his original involvement in the field, Popják found irresistible. The subsequent work of his group clarified several features of presqualene, in particular its stereochemistry, but their first structural proposal was also wrong. The correct structure of presqualene (figure 3) was published first by Rilling's group (Epstein & Rilling 1970) and then confirmed by Popják et al. (17) . That two groups exploiting complementary observations had reached the same conclusion marked the general acceptance of the structure, which was confirmed by total synthesis. The mechanism through which presqualene is converted into squalene still remains conjectural, although a process along the lines of Popják's proposal, involving the intermediacy of a cyclobutyl carbocation, remains my favourite (17) . Popják's lifelong work on cholesterol biosynthesis is covered in his book Lipids: chemistry, biochemistry, and nutrition (25) , which is still used as a leading textbook.
The regulation of cholesterol biosynthesis However, the major effort of Popják's group at UCLA was directed at the study of the control of cholesterol biosynthesis with the use of a two-pronged approach. The first was the identification of the factors that under physiological conditions maintain cholesterol homeostasis. We now know that, in broad terms, this occurs at both intercellular and intracellular levels. The discovery by Michael S. Brown and Joseph L. Goldstein (reviewed in Brown & Goldstein (1997) ) that the circulating levels of cholesterol in the form of low-density lipoprotein (LDL) are sensed by the LDL receptor was a major breakthrough in the field of cardiovascular physiology for which they shared the 1985 Nobel Prize in Physiology and Medicine. How the biosynthesis of cholesterol de novo is regulated intracellularly had remained a thorny issue for a considerable time. It was Popják's group, using its traditional skills of carefully analysing the intermediates formed from various precursors of cholesterol, in the presence of specific inhibitors, that showed that it is cholesterol itself rather than an intermediate, as was favoured by some, that represses its own biosynthesis (24) . The subsequent work in the laboratory of Brown & Goldstein (1997) showing that a transcription factor repressed by cholesterol and its analogues is involved in the regulation of cholesterol biosynthesis is consistent with the forceful stand taken by Popják in his last significant paper, published in 1987 (24) .
By the mid-1980s not only was the pivotal role of β-hydroxy-β-methylglutaryl-CoA reductase, which catalyses the final step in the formation of mevalonic acid, in the regulation of cholesterol biosynthesis well established, but also inhibitors that lower cholesterol biosynthesis by inhibiting the enzyme had found use in clinical medicine for the treatment of coronary heart disease. However, the drugs of this class are a double-edged sword. The lower level of cholesterol, caused by the inhibition of the reductase, provides a trigger for the increased synthesis of the enzyme for replenishing cholesterol levels, which could partly decrease the efficacy of such drugs. The last phase of Popják's research was directed towards the study of alternative strategies for regulating cholesterol biosynthesis (reviewed in (20)). The inspiration for such an approach was provided by findings in vitro as well as in vivo that mevalonic acid is used not only for isoprenoid biosynthesis but is metabolized to non-lipid compounds by a 'shunt' pathway (18) . He thus argued that cholesterol biosynthesis might be decreased by altering the flux of mevalonic acid in favour of the 'shunt' pathway. In pursuit of this goal, his group undertook studies on the properties of prenyl transferase (23) and had some success in finding compounds that were inhibitors of the enzyme (22) . The hope was that such compounds, by inhibiting prenyl transferase, would lead to the accumulation of dimethylallyl pyrophosphate, which, after hydrolysis and oxidation would be channelled, by way of trans-methylglutaconyl-CoA, into the pathway of leucine metabolism (21).
During most of his life Popják was troubled by health problems and suffered particularly from several acute illnesses in his later years. Despite this, as befits a scientist with lively mind, he maintained his interest in research, exploring the utilization of mevalonic acid in pathways other than cholesterol biosynthesis, and indeed several other biomedical problems that came his way at UCLA.
A   
Popják was a warm-hearted and sensitive man. He was immensely gifted and, like a handful of individuals in a generation who fall into this category, he could have excelled in any one of his many diverse interests. In personal notes left by Popják he disclosed that had he not become a scientist, his first choice among many possibilities would have been sculpture. This is the hobby that he pursued from time to time during his extremely busy scientific life and more dedicatedly in his retirement years. In addition, he was a talented pianist. These artistic inclinations did come through in his scientific life. He was uninhibited in expressing his enormous enthusiasm for scientific achievements and endorsing good ideas, as remembered by Dr N.B. Myant, a member of his MRC Unit with lifelong interest in atherosclerosis:
I first met George in 1954, in his office at Hammersmith Hospital, where he had recently arrived to take over the leadership of a large and somewhat demoralized Medical Research Council Unit. I was at once attracted by his outgoing enthusiasm and lack of cynicism. When I suggested a problem I might tackle if I joined him, his eyes lit up. 'Oh! that is a beauty', he said. I believe he retained this capacity for generous enthusiasm about his own and other people's successes throughout his working life. He was generous with ideas too. If you gave him one idea, you would usually get two in return, if not more.
I was a beneficiary of his generosity to complete strangers and his capacity to be enthused by good science, irrespective of whence it came. I never had the pleasure of meeting Popják in real life, although it is hardly surprising that as a worker in the steroid field I was well acquainted with the Herculean contributions of Popják and Cornforth. In 1977 I was surprised and delighted to receive Popják's letter, from Los Angeles, in which he expressed appreciation for my 'beautiful' work and suggested that he would like to propose me for Fellowship of The Royal Society-which he did. But to ensure that I did not get overexcited by the prospects of a successful outcome too soon, in a subsequent letter he gave me the following fatherly advice:
Please forget now the affair as nobody gets into the Royal on the first call. It takes at least three years for the best of candidates to be called to sign the book a few pages further away from Newton and Wren.
Here, reference to Newton needs no comment but the choice of Wren might reveal Popják's artistic love, because Sir Christopher Wren was the architect of St Paul's Cathedral. Signing the book a few pages from these luminaries was, no doubt, a poetic exaggeration intended to please me. But as Popják had predicted I was elected in 1980, exactly three years from the time of proposal.
Popják's almost child-like enthusiasm for science and the encouragement that he gave to younger members inspired all those in the 'inner circle', who gave him lifelong loyalty and affection, while he commanded unqualified respect from colleagues in the neighbouring departments. The tributes by Dr G. Alan Garton, F.R.S., who was inducted into lipid biochemistry by Popják, and by Dr John Edmond, his colleague at Los Angeles and a former research student, are typical of many messages received by me for inclusion in this memoir:
It was in 1951, when I was appointed to Head [sic] the newly created Lipid Section of the Rowett Research Institute in Aberdeen, that I was seconded to work for a few months at the MRC National Institute of Medical Research in London to gain experience of studies with radioisotopes under the guidance of George Popják. For me this proved to be a 'launching pad' for my subsequent career and for the experience I am greatly indebted to George. He patiently introduced me to studies with radioisotopes ( 32 P in particular) and taught me how to deal with techniques for isolating phospholipids (phospholipins as they were then called) from animal tissues and how to perform assays for radioactivity. To his studies George brought infectious enthusiasm and apparently boundless energy. It was generally supposed that he finished a day in his laboratory by sleeping on a couch in his study. He did, however, relax occasionally and he relished a few games of table-tennis, not to mention the odd visit to a nearby pub! G. Alan Garton
He fostered a dedication to research you can only appreciate by having worked alongside him, as I had the good fortune to do. I learned from him how research is a very special vocation. It is charged with adventure, a sense of expectation and the excitement of new discovery. Popják was a pioneer and one of the great explorers in science.
John Edmond
No account of Popják's life would be complete without a mention of his relationship with Cornforth. Those who had the privilege of witnessing the partnership between these two intellectual giants were treated to an extraordinary spectacle of understanding and warmth. Cornforth's hearing disability was no barrier to their intimate relationship. In fact they were able to communicate with ease and from distances which for normal conversation would be regarded as 'uncouth'. Of their earlier days Cornforth remembers:
When George and I first met we were both recent recruits to the old NIMR, then occupying a converted hospital on Holly Hill near Hampstead Heath. After work, people used to go to an old pub nearby, the Holly Bush. And all sorts of things were discussed. We both had the curiosity to find out how cholesterol is biosynthesised…. We had complementary skills and we planned experiments together, trying to frame them so that neither of us was presenting the other with an excessive burden. I scaled down isolation procedures and George expanded biochemical procedures (one experiment required the livers of 300 rats, but we got enough squalene, 100 mg, for degradation).
Scientists successfully operating at the cutting edge of their disciplines are often fiercely competitive, and Popják was no exception. Regarding himself to be the spokesman for the Popják-Cornforth group he did his utmost to ensure that their contributions were recognized internationally and accorded the importance they merited. The advocacy could have offended his rivals who, in the heat of the moment, might even have been hostile to him. This is the nature of 'real science', an otherwise noble activity, in which priority is given a very lofty place.
Let William Agnew, Professor of Physiology at Johns Hopkins University and one-time research associate of Popják's, who places him exceptionally high in the league of twentiethcentury biochemists, speak the last word.
… his genius and creativity, however, were small in comparison with his warmth and concern for the people around him and his devotion to his wife Hasel*, to whom he was married for 57 years. 
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